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University of Mainz, Mainz, GermanyABSTRACT Myelin basic protein (MBP) is predominantly found in the membranes of the myelin sheath of the central nervous
system and is involved in important protein-protein and protein-lipid interactions in vivo and in vitro. Furthermore, divalent tran-
sition metal ions, especially Zn2þ and Cu2þ, seem to directly affect the MBP-mediated formation and stabilization of the myelin
sheath of the central nervous system. MBP belongs to the realm of intrinsically disordered proteins, and only fragmentary infor-
mation is available regarding its partial structure(s) or supramolecular arrangements. Here, using standard continuous wave and
modern pulse electron paramagnetic resonance methods, as well as dynamic light scattering, we demonstrate the uptake and
specific coordination of two Cu2þ atoms or one Zn2þ atom per MBP molecule in solution. In the presence of phosphates, further
addition of divalent metal ions above a characteristic threshold of four Cu2þ atoms or two Zn2þ atoms per MBPmolecule leads to
the formation of large MBP aggregates within the protein solution. In vivo, MBP-MBP interactions may thus be mediated by diva-
lent cations.INTRODUCTIONMyelin basic protein (MBP) is predominantly found in the
membranes of the myelin sheath of the central nervous
system (CNS) (1–3). MBP is essential for the compaction
and stability of specific oligodendrocyte membranes that
concentrically wrap around neurons in multilamellar
arrangements, forming the myelin sheath (4). MBP is also
a candidate autoantigen in multiple sclerosis (MS), a neuro-
degenerative human disease characterized by destabilization
and active degradation of the myelin sheath. Thus, MBP has
the ability to function as both a stabilizing molecular glue
and a destabilizing autoantigen that induces demyelination
and MS.
There are numerous developmentally regulated splice iso-
forms of MBP, the most abundant one of which is the
18.5 kDa isoform in the human and bovine CNS (5–7).
Each MBP isoform is considered to be an intrinsically
disordered protein (IDP), with a high net charge (þ19 at
neutral pH) and a low mean hydrophobicity, which together
maximize intramolecular static repulsion and minimize the
formation of a hydrophobic core (8–10). Numerous post-
translational modifications, including N-terminal acylation
and deimination generate a large number of charge compo-
nents or isomers (11). The modifications reduce the net posi-
tive charge of the protein and are denoted C1 (least modified,
þ19 at neutral pH) to C8 (flow-through, most highly modi-
fied and least cationic). These different modifications affect
MBP’s association with membranes and with other proteins
(Ca2þ-calmodulin, actin, tubulin, and SH3-domain contain-Submitted June 1, 2010, and accepted for publication August 2, 2010.
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development and during demyelination in MS.
The 18.5 kDaMBP sequence also comprises 10 histidines,
which account for the potential coordination of divalent
metal ions by MBP in vitro and in vivo (12–14). The uptake
of divalent metal ions byMBP is of interest with reference to
stabilization and destabilization effects according to the
protein environment (e.g., pH and the presence of phos-
phate). MBP binds Hg2þ > Cu2þ > Zn2þ > Mg2þ >
Cd2þ > Co2þ in decreasing order of affinity but not Ca2þ,
Mn2þ, and Pb2þ (12). Zn2þ reaches remarkable physiologic
concentrations of ~50 mM or 1.4 mmol/g myelin (Cu2þ:
0.4 mmol/g myelin) and is believed to support myelin
compaction (15). In vitro light scattering experiments with
MBP, Zn2þ, Cu2þ, and phosphate revealed the formation of
cryptic aggregates combinedwith a blue shift in fluorescence
studies and fluorescence quenching based on the single tryp-
tophan residue (14). Furthermore, there are direct hints of
a zinc-binding site comprising four coordinating histidines
(residues 23–26: His-Ala-Arg-His; residues 63–69: His-
Pro-Ala-Arg-Thr-Ala-His; porcine MBP numbering) (16).
For the uptake of Cu2þ in TRIS buffer, two binding sites
with positive cooperativity (K1 ¼ 0.083 mM1, K2 ¼
1.74 mM1, and n¼ 1.6) were suggested by isothermal titra-
tion calorimetry (ITC) and equilibrium dialysis, which allow
for an uptake of statistically 2.13 Cu2þ ions per MBP mole-
cule (17). For Zn2þ, a statistical uptake of 0.9 Zn2þ per MBP
molecule was reported. More recently, Zn2þ has been shown
to induce ordered secondary structure in membrane-associ-
ated 18.5kDa MBP, and a dissociation constant of ~42 mM
was reported for the two recombinant charge variants
UT-rmC1 and UT-rmC8 (lacking His6-tags) (18). Bothdoi: 10.1016/j.bpj.2010.08.022
Copper-Induced Self-Assembly of MBP 3021Zn2þ and Cu2þ appear to induce a compaction of the protein,
as demonstrated by nanopore analysis, suggesting further
roles in overall structural stabilization (15). The amino acid
sequence of human MBP C1, as well as suggestions for
secondary structure elements and the potential Zn2þ-binding
site are summarized in Fig. S0 in the Supporting Material
(19–23).
Herein, we report the self-assembly of the C1 charge
component of 18.5 kDa bovine MBP in the presence of
Cu2þ and phosphate in solution at physiological pH 7.4.
Because Cu2þ is an electron paramagnetic resonance
(EPR)-active ion (with S ¼ 1/2, 63/65Cu: I ¼ 3/2), direct
investigations of the interaction between MBP and Cu2þ
are possible. Both continuous wave (CW) and pulse EPR
measurements can thus be used to obtain a deeper under-
standing of the binding sites, properties, and amounts of
the coordinated Cu2þ species, the overall MBP structure
in solution, and the structural changes of MBP upon interac-
tion with Cu2þ. This information includes stoichiometry, the
number of binding sites, and characteristics of the coordi-
nated cation species. Complementary information about
Cu2þ uptake by MBP was obtained by dynamic light scat-
tering (DLS), circular dichroism (CD), and fluorescence
studies. We report for the first time, to our knowledge,
that above molar ratios of 2 Cu2þ per MBP, additional
Cu2þ complexation takes place. As indicated by the
combined EPR and DLS results, coordination of these
Cu2þ ions at a MBP/Cu2þ ratio > 1:2 occurs together
with significant aggregation of MBP into larger particles
of ~100–200 nm diameter in phosphate-buffered solution.MATERIALS AND METHODS
Details regarding the sample preparation and experimental procedures used
in this work can be found in the Materials and Methods section of the Sup-
porting Material.RESULTS AND DISCUSSION
Uptake of Cu2þ by MBP in solution as
characterized by EPR methods
The interaction of MBP with a characteristic selection of
divalent metal ions results in a number of biologically rele-
vant effects. The most important effect is stabilization of
myelin by the interaction of MBP and Zn2þ. Because
Cu2þ also interacts with MBP, and Cu2þ is (in contrast to
Zn2þ) suitable for EPR measurements, we employed this
metal ion to characterize the interaction between divalent
ions and MBP in more detail. Furthermore, we were able
to use the quenching of tryptophan fluorescence by Cu2þ
to follow the interaction. Additionally, we followed possible
changes in secondary structure of the protein by CD spec-
troscopy.
Remarkably, a comparison of CD spectra obtained in the
absence or presence of Cu2þ in phosphate buffer clearlyshows that there is no change in secondary structure as
a consequence of Cu2þ titration. MBP retains its generally
disordered structure, and the recorded CD spectra resemble
those of typical random coiled proteins even at Cu2þ
concentrations as high as 1 mM (Fig. S10). Also, only
quenching of the characteristic tryptophan fluorescence
maximum at 348 nm (typical for aqueous environment)
(14), a clear sign of close proximity of copper to the trypto-
phan (Fig. S11), is observed.
The CW EPR measurements of Cu2þ together with MBP
at 77 K clearly indicate the complexation of Cu2þ with
MBP. The CW EPR spectra of MBP and Cu2þ in phosphate
and TRIS buffer, both with a molar MBP/Cu2þ ratio of 1:3
(Fig. 1 A) reveal the characteristic hyperfine splitting pattern
of copper with the spectral shape (and the characteristic
g-tensor values) of six-coordinate (tetragonal) Cu2þ, but
are equally consistent with square-planar or square-pyra-
midal Cu2þ. In the former case, the singly occupied
molecular orbital is the dx2y2 orbital within the square
planar x-y-(or perpendicular, t) plane, and allows for
a significant overlap with ligand orbitals. In all cases in
which spectral changes occur, three of the four characteristic
peaks of the copper Ak splitting are observable in the low-
field region of the spectra (indicated by arrows). The fourth
one, at a higher magnetic field, overlaps with the
pronounced gt peak within the EPR spectrum and is only
visible in the samples prepared in TRIS buffer (arrowhead).
In general, there is a high similarity between the spectrum of
MBP and Cu2þ (MBP/Cu2þ ratio: 1:3) in TRIS buffer and
the TRIS reference spectrum (no MBP), which differ only
in linewidth (increased linewidth for Cu2þ and MBP in
TRIS buffer). This is indicative of an unspecific MBP-Cu2þ
interaction in TRIS buffer or a strongly reduced number of
Cu2þ ions binding to MBP. When we compare the spectrum
of Cu2þ and MBP in phosphate buffer with the spectrum
without MBP, clear shifts of the peak positions as well as
a significant change in the overall signal width are observed.
Hence, strong Cu2þ interaction with residues of MBP can be
observed in phosphate buffer. The choice of buffer has
a tremendous effect on the uptake of divalent metal ions
by MBP, as was previously documented for other proteins,
such as amyloid-b peptide (20). The significantly reduced
interaction level of Cu2þ and MBP in TRIS-buffered solu-
tion may be due to competitive binding of TRIS molecules
to copper ions. However, a systematic study of this observa-
tion is beyond the scope of this report, and therefore only
results from phosphate-buffered solutions are presented
below unless noted otherwise.
In phosphate buffer, the copper g- and hyperfine coupling
values obtained from simulations (gt ¼ 2.041–2.043, gk ¼
2.211–2.253, At ¼ 27 MHz, Ak ¼ 550–575 MHz; Table 1)
support multiple nitrogen coordination of the Cu2þ and are
in line with literature values of Cu2þ coordinated to nitrogen
atoms of imidazole rings of several histidines (gt ¼ 2.045,
gk ¼ 2.237, At ¼ 27 MHz, Ak ¼ 554 MHz), andBiophysical Journal 99(9) 3020–3028
FIGURE 1 (A) CW EPR spectra of MBP and
Cu2þ (ratio 1:3) in either TRIS or phosphate buffer
at 77 K. (B) Detailed view of the spectral gt region
(310–350 mT) with well-pronounced splittings of
~50 MHz for an MBP/Cu2þ ratio of 1:3. (C) CW
EPR spectra of Cu2þ and MBP in phosphate buffer
with different molar ratios of MBP and Cu2þ at
77 K. Reference measurements with Cu2þ in phos-
phate buffer without MBP, and with Cu2þ in water
and glycerol, are shown below, scaled by a factor
of 0.2. (D) Concentrations of different Cu2þ
species as derived from the contribution of the
respective species to the spectral simulation of
the measured EPR spectra.
3022 Bund et al.significantly differ from values for noncoordinated Cu2þ
(gt ¼ 2.053, gk ¼ 2.39, At ¼ 13 MHz, Ak ¼ 410 MHz).
Additionally, smaller splittings in the spectral region ~320–
335 mT (with A¼ 50MHz) for MBP and Cu2þ are observed
in phosphate buffer and with a much lower intensity in the
sample with TRIS buffer (Fig. 1 B). These can be assigned
to hyperfine couplings to 14N nuclei and indicate direct coor-
dination of up to four nitrogen atoms in the inner ligand
sphere of the Cu2þ ion. We refrain from extracting a more
precise number of coordinated N-atoms because the hyper-
fine/superhyperfine pattern in the region 320–340 mT is
deceptively complex and difficult to interpret.
The CW EPR measurements performed with different
ratios of MBP to Cu2þ show that each spectrum is composedTABLE 1 The g- and A-values of different copper species used for
gt(Cu
2þ) gjj(Cu
2þ) At(Cu
2þ) [MHz]
Species I 2.041 2.211 27
Species II 2.043 2.253 27
Species III 2.045 2.2635 27
Species IV¼unbound 2.053 2.39 13
Biophysical Journal 99(9) 3020–3028of more than one spectral component. For each measured
MBP/Cu2þ ratio, the measured spectra have signatures of
different Cu2þ species, which significantly differ in their
characteristic EPR parameters (g- and A-tensor values).
This can be most clearly seen in the gk region of the spectra
(Table 1). Simulation of the data revealed that two species of
copper (species I and II) dominate the CW EPR spectrum
for a molar ratio of 2:1 (Fig. 1 C), which differ only slightly
in gt (2.041 vs. 2.043) and At (27 for both), but strongly
differ in gk (2.211 vs. 2.253) and AII (575 vs. 550 MHz).
The EPR parameters of Cu2þ species I and II strongly
differ from those of free copper ions and those found from
reference measurements in buffer without MBP (gt ¼
2.053, gk ¼ 2.39, At ¼ 13 MHz, Ak ¼ 410 MHz). Thespectral simulation
Ajj(Cu
2þ) [MHz] Aiso(N) [MHz] Number of coupled
14N
575 50 4
550 50 4
560 – –
410 – –
FIGURE 2 X-band HYSCORE spectra of MBP and Cu2þ (ratio 1:3) in
phosphate buffer at 8 K (t ¼ 176 ns, pH 7.4). In the (þ,þ) quadrant of
the frequency domains, two characteristic cross-peaks are observed that
are presented in detail in the inset on the left. The cross-peaks at
(1.6, 4.0) and (4.0, 1.6) MHz are characteristic for 14Nd His side-chain coor-
dination. Additional cross-peaks appear at (3.1, 4.2) MHz and (4.2, 3.1)
MHz, which most likely stem from couplings with one or more noncoordi-
nating backbone amides (21,22).
Copper-Induced Self-Assembly of MBP 3023higher g-values and the lower hyperfine coupling constants
for free copper are caused by high contributions of spin orbit
coupling due to larger spin populations at the central ion,
and to larger spin-orbit contributions from oxygen of water
or buffer molecules (the six ligands in this case). Also, for an
MBP/Cu2þ ratio of 2:1, the CW EPR spectrum reveals addi-
tional splittings of ~50 MHz in the gt region of the CW
EPR spectrum. This is a clear indication of hyperfine
couplings between the unpaired electron spin of the copper
and four directly coordinated 14N nuclear spins. This proves
complexation with MBP, as MBP represents the only source
for nitrogen-based ligands (e.g., histidines) in the samples.
With increasing copper content, the concentrations of
species I and II increase to ~1 and 1.5 mM for molar ratios
of 1:2 and 1:3 (Fig. 1, C andD). The maximum intensities of
the nitrogen-based splitting pattern were also reached for
molar ratios of 1:2–1:3 (Fig. 1 C).
Simulations of CW EPR spectra with MBP/Cu2þ molar
ratios of 1:3, 1:4, and 1:5 show a constant concentration
of copper species I of 1 mM and a sharp decrease of species
II concentration. At even higher MBP/Cu2þ ratios of 1:7,
a significant part of the spectrum is represented by unbound
copper (1.5 mM). Another species of copper (species III,
gt ¼ 2.045, gk ¼ 2.26, At ¼ 27 MHz, Ak ¼ 560 MHz)
has to be introduced to obtain the good fits shown in
Fig. S12. This species has g- and A-parameters similar to
those of species II. Since the g-tensor parameters of species
III are slightly closer to those of unbound copper, and 14N
hyperfine splitting is not readily observable, one could attri-
bute species III to copper ions that are coordinated to MBP
less tightly. Remarkably, the concentration of species III
increases with copper content and above MBP/Cu2þ ratios
of 1:3–1:4 is by far the most abundant copper species.
Together with the pulse EPR and DLS results given below,
one could thus deduce that this species could act as
a bridging ion between different MBP molecules and
possibly trigger aggregation of the protein into larger clus-
ters.
Further characterization of the outer ligand sphere (i.e., of
remote, not directly bound nuclear spins) of the coordinated
Cu2þ ions was obtained with hyperfine sublevel correlation
spectroscopy (HYSCORE) experiments. Here, the two-
dimensional spectra revealed cross-peaks at (3.1, 4.2) MHz
and (4.2, 3.1) MHz as well as at (1.6, 4.0) and (4.0, 1.6)
MHz (Fig. 2).
Several studies that have dealt with Cu2þ-binding proteins
have shown that the couplings at (1.6, 4.0) and (4.0, 1.6)MHz
are characteristic for the double quantum (jDmIj¼2) transi-
tion ydqa ; y
dq
b of distal imidazole
14Nd nuclei from coordi-
nated histidine side chains (see Fig. S13) (21,22). These
couplings arewell resolved for allMBP/Cu2þ ratios. Further-
more, the cross-peaks at (3.1, 4.2) and (4.2, 3.1) MHz origi-
nate from hyperfine couplings with surrounding,
noncoordinating backbone amides with aiso(
14Nam) z 1
MHz (21,22). These cross-peaks reach their maximum inten-sity for a ratio of 1:4 (Fig. S14). From this, one could
conclude that the dominant Cu2þ species (in the CW EPR
spectra) at this ratio (species III) most likely features slightly
more couplings to backbone amides than do species I and II.
This could be due to a less specific Cu2þ coordination and
a decreased number of histidines taking part in the interac-
tion. TheCWEPRandHYSCOREdata indicate that the third
type of copper ion contributing to the CW EPR spectra has
direct interactions with MBP, which to our knowledge has
not been observed before.Distribution of Cu2þ in MBP solution
Information about the number, orientation, and distance of
interacting electron spins can be obtained with the use of
pulse EPR methods. Two such approaches—double elec-
tron-electron resonance (DEER) and T2 relaxation time
measurements—may provide valuable insights into the
spatial distribution of the divalent metal ions in MBP.
DEER measurements deliver information about the
number and distance of interacting spins, and in this work
were obtained with different ratios of MBP and Cu2þ in
phosphate buffer at 8 K. The pump pulse was set to the
maximum peak position of the respective electron spin
echo-detected spectra, and the observer pulses were shifted
2.5 mT toward a lower magnetic field detecting dipolar
couplings to spins along the gt (xy) direction (Fig. S8).
At first sight, the background-corrected modulation traces
show no specific modulations for any sample (Fig. 3 A).
Thus it can be concluded that there is no narrow or domi-
nating distance distribution for dipolar coupled spins within
the samples. Further analysis shows that the absolute values
for the modulation depth, which indicate the number of
dipolar coupled spins, are small for samples with MBP/
Cu2þ ratios of 2:1, 1:1, and 1:2 (Fig. 3 B). Higher copper
contents lead to increased modulation depths, and the
maximum value is found for the 1:3 and 1:4 samplesBiophysical Journal 99(9) 3020–3028
FIGURE 3 (A) Three-dimensional background-corrected DEER time
traces for X-band DEER measurements with Cu2þ and MBP at different
molar ratios in phosphate buffer at 8 K. (B) Modulation depth D plotted
against the number of Cu2þ ions for the respective MBP/Cu2þ ratio.
The reference line at D z 0.01 indicates the modulation depth
for samples without MBP. The modulation depth D is defined as
D ¼ 1 lim
x/N
VðtÞ=Vð0Þ, where V(t) is the DEER signal intensity at
time t. (C) Fourier-transformed dipolar spectra for selected MBP/Cu2þ
ratios. The stepwise intensity increase of the spectral flanks between 52
to53MHz (arrows) with respect to the respective previousMBP/Cu2þ ratio
is shown in percent in the inset on the left. (D) T2 relaxation plotted against
the number of Cu2þ ions per MBP molecule.
3024 Bund et al.(~0.25–0.3), indicating the largest number of dipolar
coupled spins. Increasing the MBP/Cu2þ ratio to 1:5 or
higher leads to a significant decrease in modulation depth
again (Fig. 3, A and B). Only negligible effects of orienta-
tion selection on the modulation depth were found
(Fig. S14). This result is expected for two copper-binding
sites in a substantially unstructured protein with a very
high conformational flexibility.
After Fourier transformation of the time traces, a detailed
analysis of the respective dipolar frequency spectra and data
simulation was possible. The resulting dipolar spectra show
one broad peak with shoulders at52 MHz (Fig. 3 C). With
increasing copper content, the intensity of the flanks in the
region of 52 to 53 MHz is increased. Simulations of the
dipolar spectra, taking into account the r3 dependence of
the dipolar coupling on the interspin distance r, show that
only one broad distance at ~3 (50.2) nm is observed for
all samples (see Fig. S16). It can thus be concluded that
the first and second Cu2þ-binding sites (species I and II)
are at a distance of ~3 nm. This is, of course, only a rough
estimation implying a relatively broad distance peak due to
the lack of a defined protein structure.
When the Cu2þ content is increased, in the dipolar spectra
the intensity in the flanks (relative to the main peak) is
increased up to a maximum at a ratio of 1:4 (see inset andBiophysical Journal 99(9) 3020–3028arrow in Fig. 3 C). Here, simulations only lead to good
results when additional smaller distances (and thus higher
frequencies) are included, accounting for dipolar couplings
that are connected to the appearance of the bound Cu2þ
species III. For MBP/Cu2þ ratios of 1:5 or larger, no addi-
tional intensity increase is observed for the short distances
in the flanks of the dipolar spectra, or in the DEER modula-
tion depths (see Fig. 3 A). On the contrary, both values
decrease as compared to their maxima at ratios of 1:3 and
1:4, respectively.
All of these findings can be explained by assuming that
with binding of the third species of copper, an event is trig-
gered that increases the number of interacting electron spins
and leads to electron spins at shorter distances than at lower
MBP/Cu2þ ratios. In addition, the findings from the CW
EPR experiments described above (Fig. 1 and Table 1)
have to be taken into account to accurately describe the
scenario upon formation of species III. Up to an MBP/
Cu2þ ratio of 1:3, the concentrations of copper species
I–III increase (see Fig. 1 D). At higher ratios, species III
seems to grow at the expense of species II. At a ratio of
~1:3, the DEER modulation depth maximum is attained.
Taken together, these observations clearly indicate that
a third copper ion species is taken up by MBP when
phosphate-buffered solutions are used. With the appearance
of this third species, distances are observed that seem to be
slightly shorter than the interspin distance of species I
and II.
Further experimental characterization of the different
copper species can be achieved by measuring the transverse
relaxation time T2. At a high local spin concentration, which
is the case in our measurements, instantaneous diffusion
represents an additional, significant relaxation mechanism
for T2. In the primary echo experiment, therefore, instanta-
neous diffusion interferes with the refocusing of the magne-
tization and contributes to T2 (23). A model-free
characterization of the effect of instantaneous diffusion on
T2 and thus a high local spin or Cu
2þ concentration can
be achieved by considering the dependence of T2 on the
different MBP/Cu2þ ratios. Higher local concentrations
lead to shorter T2-values, as observed for MBP/Cu
2þ molar
ratios of 1:3–1:4 (Fig. 3 D). Below or above this minimum,
T2-values increase again. Previous DEER model studies
showed that T2 of clustered electron spins decreases with
an increasing number of interacting spins (24). Here, this
result would indicate the existence of fewer interacting elec-
tron spins at lower MBP/Cu2þ ratios, and a larger fraction of
free, nonbound Cu2þ at higher ratios.Distribution of MBP molecules in solution as
characterized by DLS
Results from the DLS experiments are illustrated in Figs. 4
(MBP/Cu2þ) and 5 (MBP/Zn2þ). The number-based size
distributions (see Materials and Methods for measurement
FIGURE 4 (A) Number-based DLS size distribution of particles
measured with 68 mM MBP in 58 mM phosphate buffer and titration of
Cu2þ. Below a Cu2þ threshold concentration of ~150 mM (~4.2 Cu2þ
ions per MBP molecule), only particles with a hydrodynamic radius of
~6 nm are detected. Above the threshold, only particles with a much larger
radius (>100 nm) are detected. (B–E) Legend: MBP concentrations of
33 mM (squares), 55 mM (circles), and 160 mM (triangles), and no MBP
(open diamonds). (B) The number-based mean particle size is plotted versus
the number of Cu2þ per MBP. In the inset, the critical Cu2þ concentrations
for large particle formation are plotted versus the concentration of MBP for
each of the three MBP concentrations. There is a linear correlation of crit-
ical Cu2þ concentration and the concentration of MBP. Large aggregates
are formed when a threshold of ~4.2 Cu2þ ions per MBP is reached. (C)
Count rate (in Mega counts per second) plotted against the relative number
of Cu2þ ions per MBP. The count rate significantly increases when ~4.2
Cu2þ ions per MBP molecule are reached. Steepest slopes are detected
for 160 mM MBP (triangles), followed by 55 mM MBP (circles), 33 mM
MBP (squares), and the reference without MBP (open diamonds). (D)
The PDI is plotted against the relative number of Cu2þ ions per MBP. At
~3 Cu2þ ions per MBP, a sharp maximum of the PDI is detected with
PDI values approaching one. (E) The PDI width is plotted against the rela-
tive number of Cu2þ ions per MBP. The largest PDI width is detected for the
reference measurements without MBP (open diamonds).
Copper-Induced Self-Assembly of MBP 3025details) depicted in Fig. 4 A show sharp and clearly detect-
able transitions from particles of smaller size (5–10 nm
range) to larger particles (>100 nm) with an increasing rela-
tive Cu2þ content in the sample. This is a clear signature of
Cu2þ-dependent aggregation of MBP molecules. For further
data analysis, the number-based mean particle size was
plotted against the ratio of Cu2þ per MBP molecule for
the three selected protein concentrations (Fig. 4 B). It
becomes apparent that aggregation takes place when
a certain ratio of about four Cu2þ ions per MBP molecule
is reached. Below this threshold, a narrow size distribution
characterizing particles with a hydrodynamic diameter of~6 nm is found for all three investigated protein concentra-
tions. Since this peak was also found in the absence of Cu2þ,
the main species under these conditions is the monomeric
MBP (Fig. S17). When a threshold ratio of about four
Cu2þ ions per MBP is reached, particles with a much larger
hydrodynamic diameter and a broader size distribution are
detected. They are characterized by an upper size limit of
~200 nm, independently of the protein concentration. Note
that the particles with a hydrodynamic diameter of ~6 nm
were not detectable anymore. This result can be interpreted
as a Cu2þ-driven transition of monomeric MBP particles
into larger aggregates if a certain stoichiometry of MBP
and Cu2þ is reached (see inset in Fig. 4 B). Remarkably,
measurements performed in TRIS buffer did not show large
aggregates and only revealed particles with a 6 nm diameter,
representing only MBP monomers (Fig. S18). Thus, in line
with what we had already observed in all EPR measure-
ments, TRIS/HCl seems to act as a competitive ligand for
Cu2þ complexation and hence at least partially inhibits the
interaction between MBP and Cu2þ.
Of interest, significant formation of larger particles
(R300 nm diameter) also takes place in reference measure-
ments with Cu2þ titration in phosphate buffer without MBP
(no aggregation for the same measurement setup in TRIS
buffer). This is likely due to the reaction of Cu2þ and phos-
phates in water forming insoluble aggregates of copper
phosphate and/or copper hydroxide (15). However, a closer
inspection reveals that these aggregates differ from those
detected in the presence of MBP. This is discussed in detail
in the Supporting Material.
The MBP/Cu2þ stoichiometry and the conserved molar
MBP/Cu2þ threshold of ~4 for aggregate formation already
indicates the self-assembly of MBP. Furthermore, in
samples containing MBP, the dependence of the count rate
for the backscattered light on Cu2þ concentration is entirely
different from the situation without MBP. All show a linear
increase in the measured data range, but the slopes differ
significantly and increase with increasing concentrations
of MBP, indicating a copper-dependent aggregation of the
protein (Fig. 4 C).
Additional support for this conclusion comes from the
polydispersity index (PDI), which represents a measure of
the size heterogeneity or dispersity of particles within the
sample solution. Measurements with MBP in phosphate
buffer show a very characteristic development of the PDI
with increasing copper content (Fig. 4 D). The PDI
starts with values of ~0.2 up to 0.5 for the pure protein solu-
tion without Cu2þ. Then the PDI steadily increases until
a maximum of ~1 is reached for a threshold concentration
of ~3.5 Cu2þ ions per MBP. This threshold is slightly lower
than the threshold found for the formation of large aggre-
gates at four Cu2þ ions per MBP (Fig. 4 B). This result
agrees with the proposed MBP aggregation, since maximum
PDI values are expected when a significant number of large
aggregates exist and monomers are also still present. TheseBiophysical Journal 99(9) 3020–3028
3026 Bund et al.larger aggregates boost polydispersity because they are
based on the contrast to the MBP monomer background
(i.e., the size range in the sample is very large, ranging
from monomers to large aggregates). With more than 3.5
Cu2þ ions per MBP, the PDI decreases again and finally rea-
ches values of ~0.5 or lower.
The combination of MBP and Cu2þ thus appears to lead
to Cu2þ-induced self-assembly of MBP molecules in solu-
tion, which correlates with a lower and plateau-like PDI
width for measurements including MBP (Fig. 4 E). In
samples without MBP, the width of the distribution of the
mean hydrodynamic radius steadily increases, suggesting
the formation of very large, nonspecific aggregates.
In general, when Zn2þ was titrated into the solution with
MBP in phosphate buffer, the same tendencieswere observed
for DLS measurements. Again, the distributions of the
number-based hydrodynamic radii indicate a transition of
monomeric MBP molecules (6 nm diameter) into larger
aggregates (700–1000 nm diameter; Fig. 5 A). In contrast
to the addition of Cu2þ, the threshold is already reached at
~1.5–1.75 Zn2þ ions per MBP (Fig. 5 B). Compared with
the results for Cu2þ titration, this lower threshold can be
explained by the fact thatMBP possesses only one previously
reported, specific binding site for Zn2þ. The Zn2þ threshold
for the characteristic maximum of the PDI again indicates
that the onset of the formation of large aggregates is found
at 1.75 Zn2þ per MBP (Fig. 5 C). The PDI width and the
results of particle diameter indicate that the MBP aggregatesFIGURE 5 (A) Number-basedDLS size distribution of particlesmeasured
with 71 mM MBP in 58 mM phosphate buffer and titration of Zn2þ. Below
a Zn2þ threshold concentration of ~100 mM (~1.5–1.75 Zn2þ ions per
MBPmolecule), only particles with a hydrodynamic radius of ~6 nm are de-
tected. Above the threshold, only particles with a much larger radius
(~1000 nm) are detected. (B) The number-basedmean particle size is plotted
versus the number of Zn2þ ions per MBP for a MBP concentration of 71 mM
andwithoutMBP. (C) The PDI is plotted against the relative number of Zn2þ
ions per MBP. At ~1.75 Zn2þ ions per MBP, a sharp maximum of the PDI is
detected with PDI values approaching one.
Biophysical Journal 99(9) 3020–3028formed in the presence of Zn2þ are more heterogeneous than
those formed in the presence of Cu2þ, since both the particle
diameter and the PDIwidth increasewith the titration ofZn2þ
(Fig. S19). This difference is even more obvious when DLS
data for themeasurements with Zn2þ andMBP are compared
with measurements without MBP. Without MBP, there is
a clear tendency toward relatively uniformly structured
colloids of Zn2þ and phosphate with a hydrodynamic diam-
eter of ~80 nm and a low PDI of 0.2.Combined picture: from MBP monomers to MBP
aggregates in solution by uptake of divalent
transition metal ions
At this point, a schematic picture of the MBP-Cu2þ interac-
tion derived from the combined EPR and DLS results can be
given (Fig. 6). In the presence of phosphate and for low
concentrations of copper in the sample, the DLS experi-
ments show that probably monomeric MBP is present,
which may or may not have Cu2þ ions coordinated
(Fig. 6 A). As can be seen from Fig. 1D, at MBP/Cu2þ ratios
up to 1:2, the Cu2þ ions bound to MBP are detected as Cu2þ
species I (red) and as Cu2þ species II (blue) with a clear
excess of species II (Fig. 6 B). Of interest, we do not observeFIGURE 6 Schematic picture for the interaction of MBP and Cu2þ in the
presence of phosphate buffer. (A) For a 2:1 molar ratio of MBP/Cu2þ, there
are isolated or at most dimers of MBP molecules within the sample. Only
a fraction of the molecules is coordinated by copper ions. The Cu2þ bound
to the first binding site (species I) is shown in red, and the Cu2þ bound to the
second binding site (species II) is shown in blue. (B) With increasing copper
concentration and the occupation of all free binding sites, the DEER modu-
lation depth increases as increasingly more intramolecular distances appear.
(C) With even more copper (molar ratios of ~1:3 and 1:4), an additional
species of coordinated copper is observed (species III, shown in green)
that leads to MBP aggregation (indicated by maximum modulation depth
in DEER measurements and the DLS experiments). (D) Further increasing
Cu2þ concentrations up to MBP/Cu2þ ratios of 1:6 or higher leads to the
detection of a significant fraction of unbound Cu2þ (yellow) in addition
to bound Cu2þ and the MBP aggregates.
Copper-Induced Self-Assembly of MBP 3027a positive cooperativity for the binding of the Cu2þ ions as
reported previously (17). Since MBP represents an IDP, the
two binding sites feature broadly distributed orientations
and distances with respect to each other. Hence, the
DEER measurements only detected a very broad distance
distribution centered around 3 nm.
With increasing copper concentrations, more and more
Cu2þ ions are bound to MBP molecules that are already
loaded with two Cu2þ ions. This leads to an increase in the
modulation depth in the DEERmeasurements. Most remark-
ably, at an MBP/Cu2þ ratio of 1:2 the maximum modulation
depth is not yet reached. This only happens when even more
Cu2þ is added to the sample. Approximately three to four
Cu2þ ions are necessary to observe themaximummodulation
depth, and a third species of bound Cu2þ is needed for
optimal CW EPR simulation (species III, green in
Fig. 6C). In Fig. 1D, species III has already reached a signif-
icant concentration similar to that of species Iwhen theMBP/
Cu2þ ratio reaches 1:3. At a ratio of 1:4 Cu2þ the calculated
concentration of species III sharply increases concomitantly
with a sharp reduction in species II concentration. Since at an
MBP/Cu2þ ratio of 1:4MBP aggregation takes place (as seen
in DLS), one can conclude that species II is at least partially
converted into species III (Fig. 6, C and D) when the aggre-
gates are formed. Species I concentration, on the contrary,
remains constant, indicating that species I is not altered
when the aggregates are formed.
In summary, all of the EPR data show that at least three
copper ions can be taken up by MBP, and two of these are
taken up in specific sites that had been postulated before.
This is remarkable because the relative Cu2þ/MBP
threshold value when the DLS experiments show the sharp
jump to large aggregates is 4. This allows the conclusion
that Cu2þ species III (which in fact (see Fig. 1 D) is prob-
ably due to two copper ions being bound in similar condi-
tions) is coordinated at an interaction interface between
MBP molecules. This may also be crucial for MBP aggrega-
tion/stabilization. One should also take into consideration
that the negatively charged phosphate ions may play a vital
role in overcoming electrostatic repulsion between strongly
positively charged MBP molecules and Cu2þ ions.
Moreover, we found further indications for the physiolog-
ical relevance of Zn2þ and other divalent transition metal
ions interacting with MBP for myelin sheath stabilization.
In analogy to Cu2þ, Zn2þ ions also are bound by MBP,
which finally leads to formation of MBP aggregates above
a critical Zn2þ concentration of ~1.5–1.75 Zn2þ ions per
MBP molecule, as clearly observed by DLS. MBP is
reported to statistically bind 0.9 Zn2þ ions per MBP mole-
cule. Hence, in this case the increased Zn2þ threshold
concentrations of ~1.5–1.75 Zn2þ ions per MBP in phos-
phate buffer also indicate an additional molecular interac-
tion resulting in MBP aggregation (15).
Metal cations such as copper, zinc, and iron are essential
for normal brain development and function, and disturbancesin absolute or relative concentrations lead to neurological
disorders (25). The binding of Cu2þ (and to a lesser extent
Zn2þ) to amyloid-b, a-synuclein, prions, and t have been
shown to accelerate fibrillization and suggested to be
associated with neuronal degeneration (26,27). Less is
known about the effects of these cations on glial cells,
including oligodendrocytes that express MBP in large
amounts. Zinc is believed to stabilize myelin (18). Cupri-
zone, a copper-chelator, causes demyelinationwhen ingested
and is an animal model of MS (28). Thus, even though our
results were obtained in buffered solution, it is worthwhile
to establish the effects of divalent transition metal cations
on this protein.
To further understand these effects in in vitro measure-
ments, considerable attention must be paid to conditions
such as pH, concentration of the interaction partners, and
buffer conditions, since small changes can lead to entirely
different ion uptake characteristics (29). Furthermore, it
would be beneficial to precisely assign the potential Zn2þ/
Cu2þ coordination sites by an approach such as NMR spec-
troscopy (30). Direct hints for the Zn2þ uptake by MBP
may be accessible by pulsed CW and EPR measurements
of spin-labeled MBP.CONCLUSIONS
In this work, we use CWand pulse EPR spectroscopy, along
with DLS, as complementary tools to describe the formation
of aggregates of MBP in solution. We show that this major
CNS-forming and -stabilizing protein binds divalent metal
ions in solution, and that the aggregation is triggered by
the uptake of divalent transition metal ions such as Cu2þ
(four ions) or Zn2þ (two ions). MBP most efficiently binds
two Cu2þ ions per MBP molecule in two distinct binding
sites, including coordination by imidazole side groups of
histidines and backbone nitrogen atoms. A third type of
Cu2þ ion, which is coordinated between potential MBP-
MBP interaction interfaces, induces the formation of stabi-
lized MBP aggregates in solutions containing phosphate at
physiological pH. DLS also detects these Cu2þ-induced
MBP aggregates at MBP/Cu2þ ratios of 1:4 and shows
that Zn2þ also mediates formation of large MBP aggregates.
Because Zn2þ is believed to induce MBP stabilization in
membranes, it is important to note that Cu2þ, with its high
physiologic concentration in myelin, could also potentially
trigger MBP interaction with all the relevant effects,
including MBP accessibility, the final exhibition of the im-
munodominant epitope, and the initiation of MS.SUPPORTING MATERIAL
Extended methods and materials and nineteen figures are available at http://
www.biophysj.org/biophysj/supplemental/S0006-3495(10)00991-4.
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